Thymic positive and negative selection events generate a T-cell repertoire that is MHC restricted and self-tolerant. The number of T cells undergoing positive and negative selection in normal mice has never been firmly established. We generated mice that lack the proapoptotic molecule Bim (bcl2l11) together with a Nur77 GFP transgene, which allowed the identification and enumeration of T cells that would normally undergo clonal deletion. Using this method, we report the striking observation that six times more cells undergo negative selection than complete positive selection. Seventy-five percent of the negatively selected cells are deleted at the double positive stage in the thymic cortex, compared with 25% at the single positive stage in the medulla. The fact that more thymocytes are highly reactive to MHC than are weakly reactive is inconsistent with a random model of recognition and suggests that T-cell recognition is MHC biased. Furthermore, Bim −/− mice had an increased number of GFP hi cells in the peripheral lymphoid tissue and a corresponding increase in antigen experienced or anergic cell phenotype. Our data also show that the CD4+ T cells that are clonally deleted experienced only slightly stronger T-cell receptor signaling than those that developed into regulatory T cells.
Thymic positive and negative selection events generate a T-cell repertoire that is MHC restricted and self-tolerant. The number of T cells undergoing positive and negative selection in normal mice has never been firmly established. We generated mice that lack the proapoptotic molecule Bim (bcl2l11) together with a Nur77 GFP transgene, which allowed the identification and enumeration of T cells that would normally undergo clonal deletion. Using this method, we report the striking observation that six times more cells undergo negative selection than complete positive selection. Seventy-five percent of the negatively selected cells are deleted at the double positive stage in the thymic cortex, compared with 25% at the single positive stage in the medulla. The fact that more thymocytes are highly reactive to MHC than are weakly reactive is inconsistent with a random model of recognition and suggests that T-cell recognition is MHC biased. Furthermore, Bim −/− mice had an increased number of GFP hi cells in the peripheral lymphoid tissue and a corresponding increase in antigen experienced or anergic cell phenotype. Our data also show that the CD4+ T cells that are clonally deleted experienced only slightly stronger T-cell receptor signaling than those that developed into regulatory T cells.
lymphocyte development | thymus P ositive and negative selection events in the thymus create a T-cell repertoire that is both major histocompatibility complex (MHC) restricted and self-tolerant. It is well established that the affinity of the T-cell receptor (TCR) for self-MHC ligands is critical in determining these fates. Low-affinity interactions promote survival and maturation, whereas high-affinity interactions promote deletion, with a surprisingly narrow threshold distinguishing these two (1) . Nonetheless, it is unclear how many T-cell clones achieve this threshold and become deleted relative to the number that are positively selected. Because the T-cell receptor is formed by somatic recombination with nontemplated nucleotide addition, the amino acids in the antigen binding region are highly diverse and essentially random. Thus, it has been assumed that the number of clones that can interact with any given peptide MHC complex with high affinity (negative selection) would be smaller than the number of clones that could interact more weakly (positive selection). However, attempts to understand what fraction of the repertoire undergoes positive and negative selection have led to disparate findings.
The murine thymus exports ∼1-4 × 10 6 cells per day, and these are predominantly naïve CD4 and CD8 T cells (2) . Thus, based on the previous estimates of negative selection, one might predict that the number of self-reactive clones generated and deleted per day would be much smaller than this number. However, because apoptotic cells are so efficiently engulfed by thymic macrophages, it has been challenging to quantify clonal deletion. Consequently, the frequency with which clonal deletion occurs relative to positive selection has been controversial. Using a TUNEL assay to measure apoptosis in situ, Sprent and colleagues (3) observed little difference between WT and MHC-deficient mice, suggesting that the majority of thymocytes die from neglect, as opposed to clonal deletion. Laufer et al. (4) created mice where MHC class II was only expressed on cortical epithelial cells and concluded that 5% of the selected repertoire is normally negatively selected. In contrast, van Meerwijk and colleagues (5) estimated that 50% of the selected repertoire is negatively selected via analysis of bone marrow chimeras where MHC class II-deficient bone marrow was transplanted into wild-type mice. Finally, Merkenschlager's (6) group estimated that 2 times as many cells undergo negative selection compared with positive selection through determination of the percent of preselection thymocytes that respond to MHC expressing antigen presenting cell. Thus, the estimates of relative thymic positive and negative selection incidence vary widely.
In this study, we determined the relative rates of positive and negative selection using an approach involving Bim-deficient mice. Bim is a proapoptotic molecule that is required for clonal deletion of self-reactive T cells (7) . Those self-reactive T-cell clones rescued from deletion can, in principle, be enumerated in Bim-deficient mice. However, it is unclear whether Bim deficiency solely prevents deletion of strongly self-reactive clones, or if it also enhances the survival of weakly self-reactive clonesthose that are normally positively selected. Thus, we combined Bim-deficient mice with Nur77 GFP reporter mice. Nur77 is a TCR immediate early gene, and we previously reported that in T cells from Nur77 GFP mice, GFP expression reflects the signal strength perceived by the antigen receptor (8) . We reasoned that when combined with Bim deficiency, the GFP level of rescued cells would report the TCR signaling experience of that cell and thereby allow the identification of normally deleted clones. Here we report the surprising finding that ∼6 times more cells undergo negative selection in the thymus than complete positive selection. The implications of this for our understanding of T-cell recognition are discussed.
Results
Highly Self-Reactive Thymocytes Accumulate in Bim −/− Mice. Bim −/− mice have a significant increase in CD4 single positive (SP) and CD8SP cells (Fig. 1A) (9) . This finding is consistent with previous studies showing that Bim is required for the deletion of self-reactive T cells in both class II and class I restricted selection models (7). However, its absence might also improve the lifespan of nonselected or positively selected cells as well. Thus, to determine if Bim deficiency is preferentially rescuing highly selfreactive T cells from deletion or if it is also enhancing survival of low-affinity or nonreactive clones, we crossed the Bim −/− mouse to the Nur77 GFP reporter mouse (8) . GFP expression in the Nur77 GFP mouse reports the overall TCR signal strength perceived. As previously reported, the majority of thymocytes from control Nur77 GFP mice were GFP low (Fig. 1A) . Remarkably, thymocytes from Bim −/− Nur77 GFP mice showed a large GFP high subpopulation indicating a robust overall rescue of clones that had received a strong signal through the TCR (Fig. 1A) . We then looked specifically at the double positive (DP) or cortical thymocyte population. DP cells that are TCRβ lo and CD69 lo are considered "preselection" (before positive or negative selection), and these cells express low levels of GFP in both control and Bim −/− mice (Fig. 1B) . Postselection (TCRβ + CD69 hi ) DP in control mice showed an increase in GFP (8) . However, postselection DP from Bim −/− mice had an even greater increase in GFP expression with the majority of cells being GFP hi (Fig. 1B) . Furthermore, using active caspase 3 as a way to identify cells undergoing apoptosis in normal Bim +/+ mice, we found that active caspase 3 positive (dying) cells in the postselection pool had Nur77 GFP levels similar to the rescued cells in the Bim −/− mice (Fig. 1C) . Immunofluorescence of thymi from Bim −/− Nur77 GFP mice showed a large accumulation of GFP positive cells in both the cortex and medulla (Fig. 1D ). Furthermore, the overall level of GFP in the cortex was higher toward the medulla (inner) than toward the capsule (outer) (Fig. 1E ), consistent with a previous report suggesting that clonal deletion preferentially occurs in this area (10) . Together, these data show that Bim deficiency is primarily rescuing self-reactive T cells (high affinity) from deletion and that such cells accumulate in the Bim −/− thymus. (Fig. S1 ). The absolute number of DP cells with an intermediate level of GFP was similar between control and Bim −/− mice (Fig. 2) . However, the number of DP cells with a high level of GFP was increased sevenfold in Bim −/− mice. This result shows that Bim deficiency rescues predominantly high-affinity clones and is not influencing positive selection to a significant degree (Fig. 2) . Bim deficiency also did not alter the number of preselection GFP negative DP thymocytes (Fig. S2 ), suggesting that it does not influence the lifespan of this population. These findings are consistent with the observation that Bim is much more highly expressed in cells undergoing negative selection than positive selection or no selection (11, 12) .
We also observed a significant increase in the numbers of both CD4SP and CD8SP thymocytes that are GFP hi in Bim −/− mice relative to controls (Fig. 2) . Accumulation of SP GFP hi cells in the Bim −/− mice was not due to increased proliferation of the normally deleted GFP hi cells (Fig. S3 ). Such GFP hi SP cells are likely cells rescued from deletion in response to self-antigens presented by medullary antigen presenting cells (13) . In theory, GFP hi SP cells could be the descendents of GFP hi DP cells that maintained a high level of GFP as they differentiated. The latter possibility is unlikely, however, because several studies have shown that, although Bim deficiency can rescue DP thymocytes from acute apoptosis, it does not allow their differentiation to the SP stage (10, 14, 15) . Thus, we consider it most likely that GFP hi SP thymocytes in Bim −/− mice represent cells that were positively selected by the classical low-affinity interactions and are responding to new high-affinity interactions in the medulla.
Lifespan Estimates for Major Thymocyte Populations. We noted that the number of GFP hi cells rescued by Bim deficiency is substantially higher than the number of cells that are GFP int (Fig. 2) . However, this does not necessarily mean that more cells are undergoing negative selection than positive selection, because GFP hi Bim −/− DP cells may persist longer in the thymus than GFP int cells persist before differentiating to SP cells. Thus, to understand the relative frequency of positive and negative selection events, we first needed to determine the lifespan of specific subsets of Bim −/− thymocytes relative to control subsets. By lifespan, we refer to the average time a cell persists in a particular differentiation state, thus either death or differentiation can define this value. Previous studies have estimated the lifespan of normal preselection DPs to be 60 h and that postselection DP and SP thymocytes persist for 16 h and 96 h respectively, before differentiating, dying, or emigrating (Table 1 , and references therein). We presumed the lifespan of preselection DP would be fairly similar between control and Bim −/− mice, because preselection DP express very low levels of Bim (12) . However, it was important to establish the relative lifespan of postselection DP and SP thymocytes from Bim −/− mice. To do this, we sorted preselection DP, postselection DP, and SP thymocytes from congenic control and Bim −/− animals and injected them together into the thymus of a recipient mouse, measuring the relative recovery at various time points afterward. As expected, the same number of Bim −/− and control preselection DPs were recovered (Table 1) . However, postselection DP thymocytes from Bim −/− mice had a lifespan 2.1 times longer than control, which translates to an estimated lifespan of 34 h (Table 1) . Bim −/− CD4 and CD8SP cells also had increased lifespans that were 1.4 and 1.7 times longer than control CD4 and CD8SPs, respectively. Murine Thymic Selection Rates. With numbers and lifespan estimates from both control and Bim −/− mice, we were able to determine the rate of positive and negative selection, in cells per hour ( Table 2 ). The rate of positive selection shown in Table 2 was calculated using the number of GFP int cells from control mice, although similar results were obtained using the number of GFP int cells from Bim −/− mice (Table S1 ). Negative selection rates were calculated using the difference in number of GFP hi cells in Bim −/− mice and control mice (i.e., the number of "rescued" cells) (see Methods for details). To our surprise, the rate of cells undergoing negative selection at the DP stage was not smaller than the number of cells undergoing positive selection, but nearly 1.4 times larger. Furthermore, nearly half of the cells that are positively selected at the DP stage in the cortex were subsequently deleted at the SP or medullary stage ( Table 2) . As an internal control, we calculated the rate of cells positively selected at the DP stage and compared it to the sum of both positive and negative selection at the SP stage and found they were very similar, further supporting our assumption that GFP hi SP cells do not develop directly from GFP hi DP, but represent medullary deletion events (Table 2) . Furthermore, multiplying our estimated hourly rate of positive selection by 24 yields a number (2.9 × 10 6 ) that is very close to what was previously suggested to be the daily thymocyte export rate for young mice (1-4 × 10 6 ) (2). Considering cortical and medullary events together, we found that the number of cells that undergo negative selection per hour is about 5.7 times higher than the number of cells that complete positive selection.
Analysis of Active Caspase 3 Yields Similar DP to SP Deletion Ratios.
Because our rate estimates are highly dependent on accurate calculations about the lifespan of Bim −/− thymocytes, we sought to verify our findings using another method. T cells undergoing apoptosis activate a cascade of death inducers, including caspase 3. Therefore, in the thymus, caspase 3 is activated in cells undergoing "death by neglect" as well as by negative selection. To distinguish between these two fates, we used CD69 and CD5, which are upregulated upon antigen receptor signaling during both positive and negative selection (16, 17) . As expected, GFP expression was low in the CD69 − CD5 low cells and high in the CD69 + CD5 hi cells (Fig. 3A) . The CD69/CD5/GFP low cells that were active caspase 3 positive are presumably cells undergoing death by neglect, whereas the CD69/CD5/GFP high cells that were active caspase 3 positive are cells undergoing clonal deletion. Consistent with this idea, the former cells were exclusively DN and DP thymocytes, whereas the latter cells were comprised of both DP and SP thymocyte populations (Fig. 3B) , as expected for negative selection. The ratio of DP to SP cells undergoing deletion should be similar when determined via this method or via the rates method we applied above. Indeed, the ratio of DP to SP that were active caspase 3 positive and CD69/CD5/GFP high was 2.29-1, and the calculated ratio of DP to SP deletion using the Bim −/− Nur77 GFP method was very similar, 2.51-1 (Fig. 3B ). These data support the accuracy of our method by validation with an independent approach, and show that 2.5 times more cells undergo clonal deletion at the DP (cortical) stage, compared with the SP (medullary) stage.
Cells Rescued from Clonal Deletion Express a Similar Level of GFP
Compared with T reg Cells. Development of natural T regulatory cells (T reg ) is dependent on high-affinity TCR interactions during selection in the thymus (18) . In fact, studies suggest that highaffinity TCR ligands are rare, and that competition for these ligands can limit T reg cell development (8, 19, 20) . It is unclear whether TCR affinity for self is the only limiting factor or if other factors, such as cytokine availability and/or costimulation might also limit T reg development. Bim −/− mice accumulate viable CD4 T cells that have been strongly signaled through the TCR, so we wondered whether this would result in increased T reg cell development. Indeed, we found about a twofold increase in the percentage, and fourfold increase in the number, of Foxp3+ (forkhead box P3) T reg cells (Fig. 4 A and B) . However, the majority of highly self-reactive (GFP hi ) CD4 T cells rescued by Bim deficiency did not become T reg cells (Fig. 4 A Top and B) . Furthermore, T reg cells from Bim-deficient mice express similar levels of GFP compared with control T reg cells, unlike the significant increase in GFP in Bim −/− CD4SP non-T reg cells compared with controls (Fig. 4A) . We then compared the mean fluorescence intensity of GFP on "rescued" cells from Bim −/− mice to the level of GFP of T reg cells. Interestingly, the level of GFP expressed by rescued self-reactive T cells was only slightly higher than that of T reg cells, albeit statistically significant (Fig. 4 C and D) . These data confirm that not all self-reactive T cells become T reg cells and moreover suggest that many of the cells that normally undergo clonal deletion have similar levels of self-reactivity as T reg cells.
Bim
−/− Peripheral T Cells Are Enriched for "Anergic Phenotype" Cells.
Because self-reactive T cells are rescued in the thymus of Bim
−/− mice, we wanted to determine whether they were also present in peripheral lymphoid tissues. Bim −/− CD4 and CD8 T cells from both the spleen and lymph nodes showed an increase in Nur77 GFP compared with control CD4 and CD8 T cells (Fig.  5A) . Even though Bim-deficient mice have this marked increase in self-reactive T cells in the peripheral lymphoid tissue, they rarely develop autoimmune diseases until later in life (9) . Peripheral tolerance mechanisms that might control self-reactive T cells include deletion, T regulatory cell induced suppression and anergy. As mentioned above, Bim −/− mice have increased percentages and numbers of T reg cells in the thymus, and this is the case in the peripheral lymphoid tissue as well (Fig. S4) . Increased T reg cells could potentially provide a mechanism by which self-reactive clones outside of the thymus are controlled. Recently, cell surface proteins CD73 and FR4 were reported to be up-regulated on "anergic" CD4 T cells (21) . In the lymph nodes and spleens of normal polyclonal mice there is a population of CD4+CD44 hi non-T reg cells expressing CD73 and FR4. Interestingly, such cells expressed a high level of GFP in Nur77 GFP mice, supporting the idea that anergic cells are more self-reactive than the overall naïve CD4 T-cell population (Fig. 5B) (Fig. 5C ). These data suggest that another potential way Bim −/− mice keep self-reactive CD4 T cells in the periphery in check is through the induction of clonal anergy. Like CD4 T cells, Bim −/− CD8 T cells also showed an increased GFP expression overall (Fig. 5A ). CD8 T cells from Bim −/− mice showed a greater proportion of CD62L lo CD44 hi effector/memory phenotype cells compared with control mice (Fig. 5D) . The increase of these cells in Bim −/− mice suggests that self-reactive CD8 T cells exist in the peripheral lymphoid tissues, but again, the overall health of young Bim −/− mice shows that they do not cause an autoimmune reaction.
Discussion
The rate and number of cells undergoing negative selection in the thymus has been difficult to estimate. In previous reports, the number of cells undergoing negative selection ranged from a small percentage to more cells than undergo positive selection (3) (4) (5) (6) . In this report we used mice deficient in the proapoptotic molecule Bim crossed to Nur77 GFP reporter mice. This system allowed us to calculate the number of cells that have received a weak TCR signal and underwent positive selection compared with those that had received a strong TCR signal and would normally have undergone deletion. Using knowledge of the relative lifespan of different thymocyte populations, we were able to deduce positive and negative selection rates. The number of cells undergoing negative selection per hour was far greater than the number of cells being positively selected. Moreover, the number of cortical DP thymocytes that were negatively selected was 2-3 times more than the number of medullary cells deleted at the SP stage, a finding that we confirmed using active caspase 3 analysis. Overall, we estimate that nearly 5.5-6 times as many T cells undergo negative selection compared with positive selection, a ratio much higher than previously appreciated.
This estimate is much higher than appreciated by two previous studies (4, 5), although both of those approached only examined the effect when MHC class II was absent from select APC. Thus, the disparate results may reflect our incomplete understanding of the efficiency of different APC in inducing negative selection. Another previous study (3) suggested that the vast majority of thymocytes die from neglect, rather than negative selection. Our study did not directly compare the rate of death by neglect to that of negative selection. However, the active caspase 3 data in Fig. 3 suggests that about one quarter of the ongoing apoptosis in the thymus is due to negative selection. It is possible that the active caspase 3 and TUNEL assays differ in their sensitivity to detect distinct forms of apoptosis, or that immunofluorescence does not have the same quantitative power as flow cytometry. Our results are most consistent with those of Merkenschlager et al., who examined the fraction of preselection thymocytes that respond to MHC expressing cells (6) . It should be noted that our method presumes that Bim deficiency rescues the majority of selfreactive T cells from clonal deletion. A recent study that examined mice that were deficient in both Bim and a related BH3-only family member, Puma, suggested that double deficiency rescued an even higher number of T cells from clonal deletion (22) . It could be argued that the effect they observed largely reflects Puma mediated rescue from peripheral deletion rather than thymic, because the rescued cells in double deficient mice resembled recirculating T cells. Nonetheless, if true, the negative selection rate could be even higher than we estimate. A high negative selection rate is consistent with the high level of MHC reactivity observed in hybridomas cloned from preselection cells (23) and with the large proportion of preselection cells that up-regulate CD69 when presented with MHC-bearing antigen presenting cells (6) . These findings insinuate that T cells are inherently self-reactive. T-cell receptors do not have an obvious conservation of amino acids that contact MHC residues, yet close analysis of multiple structures suggests a potential germ-line bias toward MHC recognition (24) (25) (26) (27) . Germ-line encoded amino acids in the TCR were also demonstrated to influence thymic selection (25) . Nonetheless, the idea of a germ-line bias for MHC reactivity continues to be debated (27, 28) . However, almost all of the structures published so far involve TCRs that have survived normal negative selection (24) . Thus, in the future it would be interesting to study TCRs cloned from cells destined for clonal deletion (GFP hi DP cells from Bim −/− mice) as these would represent the maximum reactivity of the TCR for MHC, and might have a greater potential to reveal germ-line bias in the TCR.
Previous models of T-cell selection suggested that TCR affinity for self can define which cells will become conventional CD4 T cells, T reg cells, or be deleted from the repertoire (29) . Bim deficiency in our studies allowed for the survival of a huge population of self-reactive T cells. However, the number of T reg cells in Bim −/− mice was only modestly increased. These data support a previously published two-step model (30, 31) of T reg differentiation. In this model, to become a T reg cell, a clone would not only need to be highly self-reactive but also need a second signal such as IL-2 or IL-15. Therefore, the number of T reg cells developing in Bim −/− mice is potentially limited by the availability of the second signal. Interestingly, the level of GFP in cells rescued from negative selection was only very slightly higher than the level observed in T reg cells, suggesting that affinity thresholds are unlikely to be a major fate determinant between T reg development and negative selection. This finding is also consistent with a recent study that examined ovalbumin reactive TCRs in RIPmOVA mice (32) . They found that the propensity for negative selection versus T reg cell differentiation increased with TCR reactivity, although there was substantial overlap within the same clone.
Our data show that Bim deficiency led to a build up of selfreactive T cells in the thymus. Some of these self-reactive T cells were exported to the peripheral lymphoid tissues where they remained GFP hi . Nevertheless, Bim −/− mice are relatively healthy and only some develop autoimmunity later in life (9) . Our data would suggest that peripheral tolerance mechanisms are highly effective in keeping self-reactive T cells in check. Using markers that have been previously described to be expressed on "anergic" CD4 T cells, we showed that Bim-deficient mice had a two-to threefold increase in the number of anergic CD4 T cells compared with control mice (21) . Anergy is one potential mechanism that allows self-reactive T cells to exist in the periphery without causing autoimmune diseases.
Overall, our data show that a surprisingly high number of developing thymocytes are self-reactive and undergo deletion in the thymus. Furthermore, the rate of negative selection is much higher than the rate of positive selection. Together, our data support a model where a majority of developing thymocytes are selfreactive and deleted by an efficient process in the thymus thus providing protection against the development of autoimmunity.
Methods
Mice. Nur77 GFP reporter mice were described (8 Flow Cytometry. Surface staining of cells was performed using the indicated antibodies from eBioscience, BD, or BioLegend. Cells were incubated with antibodies for 20 min on ice. For intracellular Foxp3 staining, cells were stained using the eBioscience Foxp3 staining kit and manufacturer's protocol. Data were collected using an LSR II instrument (BD Biosciences) and analyzed using FlowJo (Tree Star).
Immunofluorescence. Thymi were harvested and placed immediately in 4% (vol/vol) PFA overnight. Tissues were then washed three times in PBS and placed in 15% (wt/vol) sucrose overnight. Following overnight incubation, tissue was put in O.C.T compound and frozen in 2-Methylbutane with dry ice. Tissue was stored in −80°C until sections were cut. Frozen sections (10 μm) were cut using a CM1800 cryostat (Leica). Slides were dried for 30 min and then were immerged in 0.1% Triton-X100/PBS (PBST) for 5 min at room temperature. The sections were incubated in PBS with 3% BSA (PBSB) for 1 h at room temperature before incubation overnight with the primary antibody (anti-beta5t rabbit polyclonal antibody, MBL International) in PBSB at 4°C. This was followed by washing in PBST and incubation with the secondary antibody (Alexa Fluor 555 Goat anti-rabbit IgG antibody, Invitrogen) in PBSB (1 h at room temperature). VECTASHIELD Mounting Media (Vector) was used for preventing photobleaching. Images were obtained using a microscope (DM5500B; Leica) with a camera (DFC 340FX; Leica) operating with the Leica Application Suite Advanced Fluorescence (LAS AF; Leica) software and analyzed using Photoshop (Adobe) software.
Active Caspase 3 Flow Cytometry. Detection of active caspase 3 was done by flow cytometry. Cells were first surface stained as described above. Following surface staining, cells were fixed and permeablized using Cytofix/Cytoperm solution (BD Biosciences) on ice for 10 min followed by two washes with permeabilization buffer. Cells were then incubated with cleaved Caspase-3 (Asp175) antibody (Cell Signaling) at a concentration of 1:5 for 30 min at room temperature. After two additional washes, cells were stained with secondary antibody conjugated to Alexa Fluor 555 goat anti-rabbit IgG (Invitrogen) at a concentration of 1:10 for 30 min at room temperature. Samples were then processed using a LSR II (BD Biosciences) and data were analyzed with FlowJo software (Tree Star).
Relative Thymocyte Lifespan. To determine the relative lifespan of WT and Bim −/− thymocytes, we sorted DP or SP thymocytes from WT and Bim 
